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$EVWUDFW7KHPDULQHHQHUJ\ LQGXVWU\ LV LQ LWVHDUO\ VWDJHVEXWKDVD ODUJHSRWHQWLDO IRUJURZWK2QHRI WKHPRVW VLJQLILFDQW
FKDOOHQJHV LV WKH UHGXFWLRQ RI RSHUDWLRQ DQG PDLQWHQDQFH FRVWV 0DJQHWLF JHDUV 0*V RIIHU WKH SRWHQWLDO IRU ORQJ SHULRGV
EHWZHHQPDLQWHQDQFHLQWHUYDOVGXHWRWKHLUIULFWLRQOHVVWRUTXHWUDQVPLVVLRQZKLFKFRXOGUHGXFHWKHVHFRVWV7KLVVWXG\SUHVHQWV
DVXPPDU\RI WKHVWDWHRI WKHDUW LQ0*WHFKQRORJ\DQGWKHQ LQYHVWLJDWHV LWVSRWHQWLDO IRUPDULQHHQHUJ\DSSOLFDWLRQV$EULHI
RYHUYLHZ LVJLYHQRI WKHVWDWHRI WKHPDULQHHQHUJ\ LQGXVWU\DQG WKHHQYLURQPHQW LQZKLFKPDULQHHQHUJ\FRQYHUWHUV 0(&V
RSHUDWH$VKRUWKLVWRU\RI0*GHYHORSPHQWRYHUWKHSDVWFHQWXU\LVWKHQSUHVHQWHGIROORZHGE\DGLVFXVVLRQRIWKHOHDGLQJ0*








RI QXPHURXV GHYLFHV IRFXVHG RQ KDUQHVVLQJ WKLV UHVRXUFH 7KHVH
GHYLFHV YDU\ TXLWH VXEVWDQWLDOO\ GHSHQGLQJ RQ KRZ WKH\ LQWHUDFW
ZLWK WKHPDULQHHQHUJ\EH LW D WLGDO VWUHDPRUZDYH KHDYHSLWFK
HWF DQG WKH RULHQWDWLRQ RI WKHLU SRZHU WDNH RII 372 V\VWHPV
7KRXJK D ZLGH UDQJH RI GHYLFHV H[LVW DW YDULRXV VWDJHV RI
GHYHORSPHQW WKHUH DUH FRPPRQ LVVXHV WKDW H[LVW DFURVV PDQ\




DVVRFLDWHG ZLWK DQ\ RIIVKRUH LQVWDOODWLRQ >@ LQFOXGLQJ VSHFLDOLVHG
HTXLSPHQW KHLJKWHQHG KHDOWK DQG VDIHW\ UHTXLUHPHQWV DQG WKH
QHHG IRUZHDWKHUZLQGRZV WRSHUIRUPQHFHVVDU\PDLQWHQDQFHDQG
UHSDLU SURFHGXUHV 7KLV LV H[DFHUEDWHG E\ RSHUDWLQJ LQ WKH KDUVK
HQYLURQPHQWVXVXDOO\DVVRFLDWHGZLWKPDULQHHQHUJ\LHKLJKZDYH
KHLJKW VWURQJ WLGDO IORZV DQG D KLJKO\ VDOLQH HQYLURQPHQW
$GGLWLRQDOO\WKHIRUFHVWKHVHGHYLFHVFDQHQFRXQWHUGXULQJQRUPDO
RSHUDWLRQFDQYDU\JUHDWO\ZLWKVWRUPVDQGLUUHJXODUVHDFRQGLWLRQV
UHTXLULQJ PRVW GHYLFHV WR KDYH D KLJK GHJUHH RI VXUYLYDELOLW\
7KHVH DVVRFLDWHG FRVWV KDYH UHVXOWHG LQ D IRFXV RQ ORZ IDLOXUH
UREXVWV\VWHPV
7KH ORZIUHTXHQF\ RVFLOODWLRQ DQG WKHUHIRUH ORZ YHORFLW\
PRWLRQ RI ERWK ZDYH DQG WLGDO VWUHDP HQHUJ\ PHDQV WKDW
FRQYHQWLRQDOJHQHUDWRU W\SHVZKLFK W\SLFDOO\RSHUDWH DW (팀sRI
USP ZRXOG UHVXOW LQ H[WUHPHO\ ODUJH DQG LQHIILFLHQW GHVLJQV LI
GLUHFWO\ FRQQHFWHG )RU WKLV UHDVRQ V\VWHPV WKDW XVH WKHVH
JHQHUDWRUW\SHVKDYHUHTXLUHGDPHFKDQLFDOJHDUER[WRLQFUHDVHWKH
DLUJDS YHORFLW\ +RZHYHU VWXGLHV LQ ZLQG HQHUJ\ WKH FORVHVW
FRPSDUDEOHWHFKQRORJ\KDYHVKRZQWKDWPHFKDQLFDOJHDUV\VWHPV
DUHDOHDGLQJFDXVHRIGRZQWLPHZLWKWKHKLJKHVWDVVRFLDWHGFRVWV
WR UHSDLU >@ :KHQ DGGHG WR D KLJKO\ VDOLQH PDULQH HQYLURQPHQW
WKHUH LV LQFUHDVHG FKDQFH IRU IDLOXUH RI PHFKDQLFDO WUDQVPLVVLRQ
HOHPHQWV$OWHUQDWLYHO\LQRUGHUWRHOLPLQDWHWKLVVRXUFHRIIDLOXUH
GLUHFWGULYH '' V\VWHPVKDYHEHHQSURSRVHG >@+RZHYHU''
JHQHUDWRUVDUHPXFKODUJHUUHTXLULQJKLJKSROHQXPEHUVDQGUREXVW
SRZHU HOHFWURQLFV WKDW KDYH EHHQ VKRZQ WR UHVXOW LQ FROOHFWLYHO\
VLPLODUGRZQWLPHVDVDJHDUHGV\VWHP>@
$ QXPEHU RI UHVHDUFKHUV GHVLJQHUV DQG GHYHORSHUV KDYH
SURSRVHG LQWHUPHGLDWH HQHUJ\ FRQYHUVLRQ DQG FRQGLWLRQLQJ VWHSV
XVLQJPHFKDQLFDORUK\GUDXOLFPHDQVLQRUGHUWRVWHSGRZQIRUFH
WRUTXHDQGVWHSXSVSHHG7KHVHV\VWHPVKDYHDOVREHHQSURSRVHG
DV D PHDQV WR FRQYHUW OLQHDU ELGLUHFWLRQDO PRWLRQ LQWR
XQLGLUHFWLRQDOURWDWLRQDOPRWLRQZKLFKLVJHQHUDOO\WKHHDVLHVWLQSXW
WR SURGXFH HOHFWULFDO SRZHU 7KH GRZQVLGH RI WKHVH LQWHUPHGLDWH
VWHSVLVWKDWWKH\FDQKDYHSRRUHIILFLHQF\ZLWKVRPHFDOFXODWLRQV
SXWWLQJ WKH YDOXH DW  >@ DQG IXUWKHU UHOLDELOLW\ DQG 2	 0
LVVXHV
$ SRVVLEOH VROXWLRQ WR WKHVH LVVXHV LV WKH PDJQHWLF JHDU 0*
FRQFHSW RU VLPLODU SVHXGR'' V\VWHPV WKDW RIIHU UHGXFHG
PHFKDQLFDOIDLOXUHUDWHVZKLOHDOORZLQJDVPDOOHUKLJKHUIUHTXHQF\
PDFKLQH)XUWKHUPRUHWKH0*KDVDGYDQWDJHVRYHULWVPHFKDQLFDO
FRXQWHUSDUW QDPHO\ FRQWDFWOHVV WRUTXH WUDQVPLVVLRQ JUHDWO\
UHGXFHGOXEULFDWLRQUHTXLUHPHQWVLQKHUHQWRYHUORDGSURWHFWLRQDQG
WKH RSWLRQ IRU SDUWV RI WKH V\VWHP WR EH KHUPHWLFDOO\ VHDOHG
$GGLWLRQDOO\ 0* V\VWHPV KDYH EHHQ GHYHORSHG WR FRQYHUW OLQHDU
PRWLRQ WR URWDWLRQDO ZLWK KLJK HIILFLHQF\ DOORZLQJ IRU PRUH
VWDQGDUGHOHFWULFDOPDFKLQHVWREHXVHG7KLVSDSHUUHYLHZV0*VDV




RI 0* GHYHORSPHQW RYHU WKH SDVW (?(?\HDUV > @ 7KHUHIRUH
WKLVSDSHUZLOORQO\JLYHDVXPPDU\RI WKHPDLQGHYHORSPHQWVRI
WKH WHFKQRORJ\ DQG IRFXV RQ WKH GHVLJQV WKDW WKH DXWKRUV IHHO DUH
PRVWUHOHYDQWWRPDULQHHQHUJ\
(DUO\PDJQHWLFJHDUV
0*V KDYH EHHQ RI LQWHUHVW VLQFH WKH HDUO\ WK FHQWXU\ ZLWK WKH
HDUOLHVW GHVLJQV EHLQJ YHU\ VLPLODU WR FRQYHQWLRQDO PHFKDQLFDO
JHDUV ZLWK WKH JHDU WHHWK UHSODFHG ZLWK PDJQHWLF FRXQWHUSDUWV >
@+RZHYHUWKHVHGHVLJQVUHFHLYHGOLWWOHDWWHQWLRQPRVWOLNHO\GXH





PDJQHW 30 PDWHULDOV DYDLODEOH DW WKH WLPH QDPHO\ 6P&R $
UHQHZHG LQWHUHVW FDPH LQ WKH V ZLWK WKH GHYHORSPHQW RI
QHRG\PLXP LURQ ERURQ 1G)H% PDJQHWLF PDWHULDO WKRXJK WKH
GHVLJQVVWLOOUHOLHGRQGLUHFWPHFKDQLFDOVXEVWLWXWLRQWKXVUHVXOWLQJ
LQ SRRU 30 XWLOLVDWLRQ DQG QHYHU DFKLHYHG WRUTXH GHQVLWLHV KLJK






JHDU DQG ±(팀k1PP IRU D VSXU W\SH JHDU 7KHVH DUH WKH
ILHOG IOX[ PRGXODWHG 0* ))00* WKH KDUPRQLF JHDU DQG WKH
PDJQHWLFSODQHWDU\JHDU03*W\SHVDVVKRZQLQ)LJ
:KLOHWKHVHDUHFRQVLGHUHGWKHOHDGLQJPRGHOVRWKHUGHVLJQVDUH
LQ GHYHORSPHQW DQG D VSHFLDO QRWH LV PDGH IRU D UHFHQW
GHYHORSPHQW E\ 'DYH 5RGJHUV HW DO >@ ZKR DV RI 
GHYHORSHGDYDULDWLRQRQDFRQYHQWLRQDOZRUPDQGZKHHOJHDUZLWK
KHOLFDO PDJQHWLF DUUDQJHPHQW ([SHULPHQWDWLRQ KDV VKRZQ
SRWHQWLDO JHDULQJ UDWLR H[FHHGLQJ  DQG DLUJDS VKHHU VWUHVV LQ
WKHUDQJHRI(팀k1PP5HSRUWHGO\VXFFHVVIXOLQERWKFRPSXWHU
PRGHOOLQJDQGSURWRW\SHGHPRQVWUDWLRQDVDYHU\QHZWHFKQRORJ\




7KH KDUPRQLF JHDU >@ KDV VKRZQ YHU\ SURPLVLQJ WRUTXH













QXPEHU RI VLQXVRLGDO F\FOHV EHWZHHQ ORZVSHHG URWRU DQG VWDWRU
UHVSHFWLYHO\ DQG N UHSUHVHQWV WKH YDULRXV DV\QFKURQRXV VSDFH
KDUPRQLFV ZKLFK DUH DVVRFLDWHG ZLWK HDFK KDUPRQLF RI WKH
PDJQHWLFILHOGSURGXFHGE\WKH30V
7KH 03* SURSRVHG E\ &KHQJ&KL +XDQJ HW DO >@ ZKLFK
RSHUDWHV OLNH D WUDGLWLRQDO PHFKDQLFDO SODQHWDU\ JHDU KDV UHSRUWHG
WRUTXH GHQVLWLHV RI RYHU (팀k1PP DQG RIIHUV WKH VDPH
DGYDQWDJHRIWKUHHWUDQVPLVVLRQPRGHVDORQJZLWK0*VFRQWDFWOHVV






ZKHUH pr DQG ps DUH WKHSROHSDLUV RQ WKHPDJQHWLF ULQJJHDU DQG






$V ZLWK WKH KDUPRQLF JHDU WKH 03* LV FDSDEOH RI KLJK WRUTXH
GHQVLWLHV DQG JHDULQJ UDWLRV EXW LV PRUH FRPSOH[ WKDQ WKH
FRQFHQWULF GHVLJQ $GGLWLRQDOO\ QRW DOO PDJQHWLF PDWHULDO LV
XWLOLVHGGXULQJWRUTXHWUDQVPLVVLRQ








7KH &0* IDOOV LQWR WKH FDWHJRU\ RI ))00* LQ WKDW WKH\
HPSOR\ IHUURPDJQHWLF SROH VHJPHQWV LQ WKH DLUJDS EHWZHHQ WKH
URWRUVLQRUGHUWRPRGXODWHWKHPDJQHWLFIOX[DFWLYHEHWZHHQURWRUV
7KLV GHVLJQ DOORZHG IRU IXOO XWLOLVDWLRQ RI DOO 30 PDWHULDO DQG
UHVXOWHG LQ KLJK WRUTXH GHQVLW\ LQ WKH UDQJH RI ±(팀k1PP




HQHUJ\ ZKHUH D QXPEHU RI 372V H[LVW GHSHQGLQJ RQ KRZ WKH
GHYLFHLQWHUDFWVZLWKWKHLQFRPLQJZDYHVRUWLGDOVWUHDP7KHUHDUH
WZR PRGHV RI RSHUDWLRQ ZLWK WKLV W\SH RI 0* (LWKHU WKH
IHUURPDJQHWLF SROHV DUH KHOG VWDWLRQDU\ DQG WKH RXWHU DQG LQQHU
PDJQHWLF URWRUV DUH DOORZHG WR URWDWH RU WKH IHUURPDJQHWLF SROHV
DUH DOORZHG WR URWDWH ZLWK RQH RI WKH RWKHU URWRUV KHOG VWDWLRQDU\
7KH PRGHV DIIHFW WKH SRVVLEOH JHDU UDWLR DQG WKH GLUHFWLRQ RI
URWDWLRQ 7KH QXPEHU RI IHUURPDJQHWLF VHJPHQWV IRU DOO WKUHH
WRSRORJLHVDUHUHODWHGE\
ns = pl + ph 
ZKHUHns plDQG phDUHWKHIHUURPDJQHWLFSROHSDLUV WKHPDJQHWLF
SROHSDLUVRQWKHORZVSHHGVLGHDQGWKHPDJQHWLFSROHSDLUVRQWKH













URWRUV UHVSHFWLYHO\ 7KH PLQXV VLJQ KHUH LQGLFDWHV WKDW WKH URWRUV
ZLOO URWDWH LQ RSSRVLWH GLUHFWLRQV $OWHUQDWLYHO\ ZLWK WKH









ZKHUH ωs LV WKH URWDWLRQDO VSHHG RI WKH IHUURPDJQHWLF VHJPHQWV
7KXV WKH URWRUV ZLOO URWDWH LQ WKH VDPH GLUHFWLRQ DQG D VOLJKWO\
KLJKHUJHDUUDWLRLVDFKLHYDEOH7KHWRUTXHGHQVLWLHVRIWKHOHDGLQJ
0* W\SHV DQG WKH PHFKDQLFDO DOWHUQDWLYHV DUH VKRZQ IRU
FRPSDULVRQLQ7DEOH
7KHUH LV D OLPLWLQJ IDFWRUZLWKSROHQXPEHU LQ WKDW LW LV IRXQG
WKDWZLWKKLJKHUUDWLRVODUJHKDUPRQLFVEHFRPHDQLVVXH7KHUHDUH

















LV WKH OHDVW FRPPRQ PXOWLSOH RI WKLV DQG WKH IHUURPDJQHWLF SROH
QXPEHU)RU WKH OHDVWFRJJLQJWRUTXH WKLVQXPEHUVKRXOGEHFORVH
WR XQLW\ $SDUW IURP WKHVH FRUH GHVLJQ HTXDWLRQV WKHUH DUH
QXPHURXV IDFWRUV ZKLFK FDQ DIIHFW WKH PD[LPXP WRUTXH
FDSDELOLWLHV RI D 0* :KLOH VRPH RI WKHVH SDUDPHWHUV KDYH EHHQ
H[DPLQHG LQGLYLGXDOO\ >±@ LWZDVZLWK(YDQV DQG=KX
V >@





RI WUDQVURWDU\ W\SH 0*V ZKLFK RSHUDWH VLPLODU WR WKDW RI
PHFKDQLFDO OHDGVFUHZVLQFRQYHUWLQJOLQHDUPRWLRQWRURWDU\ZLWK
WKH WKUHDG EHLQJ UHSODFHG ZLWK PDJQHWLF PDWHULDO )LJ  7KLV
IRUP RI 0* LV KLJKO\ DSSOLFDEOH WR ZDYH HQHUJ\ DV WKH W\SLFDOO\
ORZVSHHGOLQHDUPRWLRQRIVD\DKHDYLQJEXR\W\SHZDYHHQHUJ\
FRQYHUWHU:(&ZLOOQRWRQO\KDYHDVSHHGLQFUHDVHEXWFRXOGDOVR
DOORZ D PRUH FRQYHQWLRQDO HOHFWULFDO PDFKLQH WR EH DSSOLHG
7KRXJKDSDWHQW IRUDPDJQHWLFVFUHZGHYLFHZDVUHFRUGHG LQ WKH
>@LWZDVZLWK:DQJHWDOLQ>@WKDWWKHKLJKIRUFH
GHQVLW\FDSDELOLWLHVRIDPDJQHWLFOHDGVFUHZ0/6ZDVDQDO\VHG
LQGHWDLO )URP WKLV DQDO\VLV LWZDVGHWHUPLQHG WKDW D WKUXVW IRUFH
GHQVLW\LQH[FHVVRI(팀M1PZDVSRVVLEOHLQPRGHOVZLWKDLUJDSV
YDU\LQJ IURP  WR (팀mP ZLWK D OHDG λ !(팀mP :LWK WKLV
IXQFWLRQ HVWDEOLVKHG LQ  3DNGHOLDQ HW DO >@ GHYHORSHG WKH
FRQFHSW E\ GHYHORSLQJ WKH VSHHG±WRUTXH UHODWLRQVKLS DQG WKH















ODUJH JHDULQJ HIIHFWV HVWDEOLVKHG WKH WHFKQRORJLHV DSSOLFDWLRQ WR
ZDYH HQHUJ\ ZDV FOHDU DQG SDSHUV GHYHORSLQJ WKLV FRQFHSW ZHUH
SXEOLVKHG>@
:KLOH WKH 7520$* KDV JUHDW SRWHQWLDO LQ :(&V WKH
UHTXLUHPHQWIRUD ODUJHDPRXQWRIPDJQHWLFPDWHULDORQWKHOLQHDU
WUDQVODWRU PDNHV WKH GHYLFHV H[SHQVLYH $ UHFHQW SDSHU >@ KDV
VHHQ WKH GHYHORSPHQW DQG DQDO\VLV RI D QHZ PDJQHWLFDOO\ JHDUHG
OHDG VFUHZ 0*/6 WKDW FRPELQHV WKH RSHUDWLQJ SULQFLSOHV RI D
OLQHDU0*/0*DQGD7520$*7KHGHVLJQFRQVLVWVRI WKUHH
PDLQ VHFWLRQV DQ LQQHU URWRU RI KHOLFDOO\ VNHZHG UDGLDOO\
PDJQLWLVHGSROHSDLUVpiDQRXWHUF\OLQGHUVWUXFWXUHFRQVLVWLQJRI
PDJQHWLFHOHPHQWVDUUDQJHGZLWKIOX[IRFXVLQJVWHHOVHJPHQWVDQG
WKH WUDQVODWRU PDGH RI IHUURPDJQHWLF DQQXODU VNHZHG SROH SLHFHV

















IRUFH GHQVLW\ RI WKH WKUHH OLQHDU DFWXDWLRQ 0*V FRQVLGHUHG WKH
IRUFH SHU PDJQHW IRU WKH 0*/6 ZLOO QRW FKDQJH DV WKH VWURNH
OHQJWK LQFUHDVHVDQG WKH LQFUHDVH LQFRVWZLOOEHPXFKOHVVGXH WR




LQFUHDVH WKH IXQFWLRQDOLW\ RI 0*V ZLWK D NH\ DFKLHYHPHQW EHLQJ
WKHGHYHORSPHQWRIYDULDEOHJHDUUDWLRGHVLJQV7KLV LVSRWHQWLDOO\
DQ LPSRUWDQW GHYHORSPHQW LQ DSSO\LQJ WKH WHFKQRORJ\ WR PDULQH
HQHUJ\DVVHDVWDWHVFDQRIWHQYDU\ZLOGO\DQGEHLQJDEOHWRFKDQJH
WKH WUDQVPLVVLRQ UDWLRV JLYHV GHVLJQHUV PRUH VFRSH UHJDUGLQJ
FRQWURO VXFK DV PDLQWDLQLQJ D JHQHUDWRUV RSWLPXP VSHHG IURP D
YDU\LQJ LQSXW WRUTXH $V PHQWLRQHG WKH SODQHWDU\ W\SH 0* LV




























FRQFHSW LV IXUWKHU H[SORUHG LQ WHUPV RI WRSRORJ\ DQG DSSOLFDWLRQ
>±@ DQG ZLWK WKH XVH RI QRQUDUH HDUWK PDJQHWV ZLWK SROH
FKDQJLQJFDSDELOLWLHV>@
௑$SSOLFDWLRQWRPDULQHHQHUJ\





PDFKLQH VL]LQJ DQG UHOLDELOLW\ GUDZLQJ IURP HVWDEOLVKHG PDFKLQH
VL]LQJ IRUPXODH DQG VWXGLHV FRQGXFWHG LQWR WKH ZLQG LQGXVWU\




LQVWDOODWLRQV /DUJHU GHYLFHV PDNH WUDQVSRUW GLIILFXOW DQG ZKHQ
LQVWDOOLQJ UHTXLUH VSHFLDOLVHG HTXLSPHQW OLNH VKLS PRXQWHG FUDQHV
ZKLFK FDQ EH YHU\ H[SHQVLYH WR UHQW 7KH RYHUDOO VL]H RI DQ
HOHFWULFDOPDFKLQHLVJRYHUQHGE\DIHZZHOOHVWDEOLVKHGHTXDWLRQV
7KHSRZHUUDWLQJVRIWKHPDFKLQHDUHGLUHFWO\UHODWHGDVIROORZV
P = Tω 
ZKHUHω LV WKH URWDWLRQDO VSHHG LQ UDGLDQV DQG7 LV WKH WRUTXH LQ
1PZKLFKFDQEHFDOFXODWHGDV




LQN/m2 LQ WKHDLUJDS$ LV WKHDUHDm2RI WKHDLUJDSUDQG ODUH
WKH UDGLXV RI WKH DLUJDS DQG OHQJWK RI WKH PDFKLQH UHVSHFWLYHO\






7KHUHIRUH LQ RUGHU WR KDYH D VPDOO FRPSDFW PDFKLQH D KLJK
URWDWLRQDO VSHHG LV UHTXLUHG :LWK WKH ORZ IUHTXHQFLHV DVVRFLDWHG
ZLWKZDYHDQGWLGDOHQHUJ\DVSHHGHQKDQFHPHQWV\VWHPXVXDOO\D
PHFKDQLFDO JHDUER[ ZLOO EH LQFRUSRUDWHG LQWR WKH GHYLFH 7KH
DOWHUQDWLYHLVDYHU\ODUJH''PDFKLQHZKLFKDVZHOODVWUDQVSRUW
LVVXHV KDV DGGLWLRQDO LVVXHV WKDW DUH GLVFXVVHG LQ WKH IROORZLQJ
VHFWLRQ
 0HFKDQLFDO JHDU YHUVXV GLUHFW GULYH IRU PDULQH HQHUJ\
GHYLFHV
6XEVWDQWLDO SXEOLVKHG LQIRUPDWLRQ RQ 2	0 FRVWV LV FXUUHQWO\
XQDYDLODEOHIRUPDULQHHQHUJ\GHYLFHV$VPHQWLRQHGZLQGHQHUJ\
LQ SDUWLFXODU RIIVKRUH ZLQG KDV VLPLODU UHTXLUHPHQWV LQ WHUPV RI
PDFKLQH FRQGLWLRQV DQG IUHTXHQFLHV $ FULWLFDO DQDO\VLV RI WKH




ZLWK RWKHU WXUELQH FRPSRQHQWV > @ )XUWKHUPRUH GHVSLWH
DGYDQFHPHQWVWUDGLWLRQDOJHDUER[HVKDYH\HWWRDFKLHYHGHVLJQOLIH
JRDOV (?(?\HDUVRIWHQ UHTXLULQJ VXEVWDQWLDO UHSDLUVRURYHUKDXOV
>@ 7KLV FDQ EH ODUJHO\ DWWULEXWHG WR WKH SK\VLFDO LQWHUDFWLRQ
EHWZHHQ PHFKDQLFDO HOHPHQWV XQGHU IRUFH 7KLV LV SRWHQWLDOO\
H[DFHUEDWHGLQDKLJKO\VDOLQHHQYLURQPHQWZLWKLUUHJXODUORDGLQJV
,Q >@ +HQN 3ROOLQGHU HW DO H[DPLQHG DQG FRPSDUHG ILYH
GLIIHUHQW JHQHUDWRU FRQFHSWV >QDPHO\ GRXEO\ IHG LQGXFWLRQ
JHQHUDWRU ZLWK WKUHHVWDJH JHDUER[ '),** '' V\QFKURQRXV
JHQHUDWRU ZLWK HOHFWULFDO H[FLWDWLRQ ''30 JHQHUDWRU ''30*
30 JHQHUDWRU ZLWK VLQJOHVWDJH JHDUER[ DQG '),* ZLWK VLQJOH
VWDJH JHDUER[@ ZLWK WKH FRPSDULVRQ IRFXVHG RQ FRVW DQG DQQXDO
HQHUJ\ \LHOG IRU D JLYHQ ZLQG FOLPDWH 7KH UHVXOWV RI WKH
FRPSDULVRQ IRXQG WKDW ZKLOH WKH LQGXVWU\ VWDQGDUG '),** ZDV
WKH OLJKWHVW DQG ORZHVW FRVWLQJ LW VXIIHUHG IURP ORZ HQHUJ\ \LHOG
ZLWKKLJKORVVHVRIZKLFKDUHDVVRFLDWHGZLWKWKHPHFKDQLFDO
JHDUER[)XUWKHUPRUHLWZDVQRWHGWKDWVLQFHWKHPDFKLQHFRQVLVWV
PRVWO\ RI FRPSRQHQWV FRQVLVWLQJ RI FRSSHU DQG LURQ PDMRU
LPSURYHPHQWV DQG FRVW UHGXFWLRQV FDQQRW EH H[SHFWHG 7KH
''30* WKRXJK PRUH H[SHQVLYH GXH WR LWV VL]H DQG SRZHU
FRQYHUWHU UHTXLUHPHQWV ZDV VKRZQ WR KDYH WKH KLJKHVW HQHUJ\
\LHOG $GGLWLRQDOO\ D NH\ SRLQW ZDV WKDW XQOLNH WKH '),**
IXUWKHU LPSURYHPHQWV FDQ EH UHDVRQDEO\ H[SHFWHG GXH WR WKH
LPSURYHPHQW LQ SRZHU HOHFWURQLFV WKH H[SHFWHG UHGXFWLRQ RI 30
PDWHULDO FRVW DQG IXUWKHU RSWLPLVDWLRQ DQG LQWHJUDWLRQ RI WKH




DUH IXUWKHU LVVXHV ,Q >@'DYLG0F0LOODQ DQG$XOW HVWDEOLVKHGD
WHFKQRHFRQRPLF FRPSDULVRQ RI RSHUDWLRQDO DVSHFWV EHWZHHQ ''
DQG JHDUER[GULYHQ *' ZLQG WXUELQHV E\ SURYLGLQJ DQDO\WLFDO
FDOFXODWLRQV UHJDUGLQJ WKH DYDLODELOLW\ RI WUDGLWLRQDO ZLQG WXUELQH
GHYLFHV )URP WKLV D FOHDUHU XQGHUVWDQGLQJ RI WKH WHFKQLFDO DQG
HFRQRPLFPHULWVRI''DQG*'V\VWHPVFDQEHJDLQHG7KHSDSHU
VXSSRVHV WKDW WKH DVVXPSWLRQ WKDW '' V\VWHPV KDYH UHGXFHG
PDLQWHQDQFHLVVXHVGXHWRWKHHOLPLQDWLRQRIWKRVHDVVRFLDWHGZLWK
D JHDUER[ RQO\ KROGV LI DOO RWKHU IDFWRUV UHPDLQ XQFKDQJHG DQG
KLJKOLJKWV ILQGLQJV WKDW LQGLFDWH PXFK KLJKHU IDLOXUH UDWHV RI
HOHFWULFDO FRPSRQHQWV DQG JHQHUDWRUV RI '' WXUELQHV ZKHQ
FRPSDUHG ZLWK *' HTXLYDOHQWV 7KRXJK WKH SDSHU H[FOXGHG
FRQVLGHUDWLRQ RI 30 PDFKLQHV GXH WR WKH ODFN RI GHSOR\PHQW LW
SURYLGHV VRPH LQWHUHVWLQJ UHVXOWV ZLWK UHJDUGV WR '' YHUVXV *'
PDFKLQHV 7KH UHVXOWV VWDWH WKDW ZKLOH '' LV PDUJLQDOO\ EHWWHU LQ
WHUPV RI DYDLODELOLW\ ORRNLQJ DW UHYHQXH JHQHUDWHG VXJJHVWV *'
PDFKLQHV KDYH D PXFK ODUJHU HFRQRPLF EHQHILW DQG WKDW IURP DQ
HFRQRPLF DQDO\VLV *' PDFKLQHV DUH VWLOO SUHIHUDEOH XQOHVV
PDQXIDFWXULQJ FRVWV RI '' WHFKQRORJ\ FDQ EH VLJQLILFDQWO\
UHGXFHG 1RQHWKHOHVV LW ZDV VXUPLVHG WKDW WKH RSHUDWLRQDO
DYDLODELOLW\RI''FDQEHVLJQLILFDQWO\KLJKHU WKDQ*'DV ORQJDV
WKH PDMRULW\ RI JHQHUDWRU IDLOXUHV DUH PLQRU HOHFWULFDO IDLOXUHV DV
RSSRVHGWRVHYHUHPHFKDQLFDOIDLOXUHVHJEHDULQJSUREOHPV
7DYQHUHWDO>@IRXQGWKDW''V\VWHPVZHUHOHVVUHOLDEOHGXH
WR LQFUHDVHG JHQHUDWRU LQYHUWHU DQG HOHFWULFDO V\VWHP IDLOXUHV
+RZHYHU WKH DXWKRUV UHFRJQLVHG WKDW RYHUDOO DYDLODELOLW\ ZRXOG
DOVREHDIIHFWHGE\FRPSRQHQWUHSDLUWLPHVLHPHDQWLPHWRUHSDLU
IRU D JHDUER[ LVPXFKPRUH WKDQ HOHFWURQLFV7KLV LVVXHEHFRPHV
PXFKPRUHUHOHYDQWLQRIIVKRUHLQVWDOODWLRQVDVH[WHQVLYHZRUNFDQ
EH JUHDWO\ GHOD\HG GXH WR DFFHVVLELOLW\ ZHDWKHU ZLQGRZV DQG
HTXLSPHQWRUYHVVHODYDLODELOLW\
,Q>@(FKDYDUULDHWDODQDO\VHGDVLPLODUGDWDVHWDQGIRXQG
WKDW '' V\VWHPV KDYH WZLFH WKH JHQHUDWRU IDLOXUHV DV *'
HTXLYDOHQW V\VWHPV DQG WKDW WKH SRZHU HOHFWURQLFV KDG DQ∼
KLJKHUIDLOXUHUDWHLQ''V\QFKURQRXVPDFKLQHVFRPSDUHGZLWKDQ
LQGXFWLRQPDFKLQHHTXLYDOHQW








6XUYLYDELOLW\ LV D NH\ FRQFHUQ IRU PDULQH HQHUJ\ FRQYHUWHUV
0(&V ZKLFK DUH RIWHQ VXEMHFWHG WR H[WUHPH FRQGLWLRQV 7KH
LQKHUHQWRYHUORDGSURWHFWLRQRI0*VKDVJUHDWSRWHQWLDO LQPDULQH
HQHUJ\ ZKHUH IRUFHV FDQ YDU\ GUDPDWLFDOO\ GHSHQGLQJ RQ
HQYLURQPHQWDOFRQGLWLRQV7KHQDWXUHRID0*DOORZWKHURWRUV WR











DUH DYDLODEOH ZLWK UHJDUGV WR V\VWHP VHDOLQJ ZLWK VHFWLRQV EHLQJ
RSWLRQDOO\ KHUPHWLFDOO\ VHSDUDWHG ZKLFK FDQ EH RI JUHDW EHQHILW
ZKHQFRQVLGHULQJPDFKLQHPDULQLVDWLRQ









PRVW VWUDLJKW IRUZDUG FRPSDULVRQ ZLWK ZLQG WXUELQHV GXH WR WKH
VLPLODULWLHVLQPDFKLQHRULHQWDWLRQDQG372)RUWKLVW\SHRI0(&
DV\VWHPVLPLODUWRWKDWSURSRVHGLQ>@LVVXJJHVWHG7KLVGHVLJQ
XVHV D &0* FRD[LDOO\ FRXSOHG ZLWK D 30 JHQHUDWRU 30*
GHPRQVWUDWHGLQ)LJ7KHRXWHUURWRURIWKH&0*LVFRQQHFWHGWR
WKH EODGHV ZKLFK FDSWXUH WKH LQFRPLQJ IOXLG HQHUJ\ GLUHFWO\ 7KH
SURSRVHGJHDUUDWLRZDVFRQVLGHULQJDQDYHUDJHZLQGVSHHGRI
(팀mV 7R HPSKDVLVH WKH DGYDQWDJHV RI WKLV GHVLJQ D FRPSDULVRQ
ZDV PDGH WR WZR VLPLODUO\ UDWHG PDFKLQHV D VWDQGDUG SODQHWDU\
JHDUHG PDFKLQH DQG D '' PDFKLQH 7KURXJK VWDQGDUG VL]LQJ
FDOFXODWLRQV LW ZDV IRXQG WKDW WKH 0* PDFKLQH 0*0 ZDV WKH
OLJKWHVW DQG VPDOOHVW $GGLWLRQDOO\ ZKHQ D FRVW DQDO\VLV RI WKH
V\VWHPVZDVXQGHUWDNHQIRFXVLQJRQPDWHULDOFRVWVRQO\ZKLOHWKH
0*0 ZDV PRUH H[SHQVLYH WKDQ D 30* LW ZDV VWLOO FKHDSHU WKDQ
WKH '' RSWLRQ $ SURWRW\SH ZDV EXLOW WR GHPRQVWUDWH WKH
IXQFWLRQDOLW\ RI WKH SURSRVHG V\VWHP DQG DFKLHYHG KLJK WRUTXH
YDOXHV7KHSURSRVHGV\VWHPLVGLUHFWO\DSSOLFDEOHWRDWLGDOWXUELQH
WKRXJK IXUWKHU FRQVLGHUDWLRQV ZRXOG KDYH WR EH PDGH UHJDUGLQJ
PDULQLVDWLRQ
:DYHHQHUJ\FRQYHUWHUV
$V PHQWLRQHG :(&V KDYH EHHQ GHYHORSHG LQ D ZLGH YDULHW\ RI
GHYLFHVZLWKRYHUSDWHQWVEHLQJUHJLVWHUHGDVRI>@DQG
 UHJLVWHUHG FRPSDQLHV OLVWHG RQ WKH (XURSHDQ PDULQH HQHUJ\
FHQWUH (0(&
V ZHEVLWH >@ ,W LV DQ RQJRLQJ SURFHVV WR
DFFXUDWHO\FODVVLI\ WKHYDULHGGHYLFHV LQWRJURXSV IRUFRPSDULVRQ





 2VFLOODWLQJ ERG\ W\SHV ZKLFK JHQHUDOO\ HPSOR\ K\GUDXOLFV RU
OLQHDUJHQHUDWRUV
7KHRVFLOODWLQJERG\W\SHJURXSZLOOEHWKHIRFXVLQWKLVVHFWLRQ




PRVW DSSOLFDEOH WR HLWKHU OLQHDU RU URWDU\ W\SH 372V 7DEOH 
SUHVHQWVWKHPDLQ0*W\SHVGLVFXVVHGLQWKLVZRUNDORQJZLWKWKHLU
DGYDQWDJHVDQGGLVDGYDQWDJHVLQZDYHHQHUJ\







IUHTXHQF\ D ODUJH DPRXQW RI SROHV DUH UHTXLUHG DQG WKHUH LV SRRU
XWLOLVDWLRQRIPDJQHWLFPDWHULDOV$VSUHYLRXVO\PHQWLRQHG$WDOODK
KDV SURSRVHG D /0* GHYLFH 7KLV ZRXOG DOORZ IRU GLUHFW















FRQVLGHUDEO\ KLJKHU FRVW $GGLWLRQDOO\ WKH JHDUOHVV PDFKLQH ZDV
FDOFXODWHG WR KDYH KLJKHU FRSSHU ORVVHV 7KHUHIRUH ZKLOH JUHDWO\




$V SUHYLRXVO\ PHQWLRQHG WKH XVH RI DQ 0/6 ZRXOG DOORZ IRU
URWDWLQJ HOHFWULFDO JHQHUDWRUV WR EH DSSOLHG WR WKH W\SLFDOO\ OLQHDU
PRWLRQ RI :(&V 7KLV ZRXOG DOORZ IRU PRUH LQGXVWU\ VWDQGDUG
HTXLSPHQW WREHXVHGDORQJZLWKSRWHQWLDOO\PRUHFRPSDFW372V
,QRUGHUWRGHYHORSWKLVFRQFHSW+ROPHWDO>@SUHVHQWHGZRUNRQ








ZDV WR GHVLJQ D 372 LQFRUSRUDWLQJ WKH 0/6 WHFKQRORJ\ ZKLFK
ZRXOGKDYHWKHPD[LPXPUHTXLUHPHQWVRI(팀k1IRUFHZLWKD(팀m
VWURNH WKDW FRXOG UHSODFH WKH K\GUDXOLF 372 >@ 7KH SURSRVHG
V\VWHP FDQ EH VKRZQ LQ )LJ  $IWHU FDOFXODWLQJ WKH UHTXLUHG
G\QDPLFVDVFDOHPRGHOZDVEXLOWIRU(팀k1PZKLFKUHVXOWHGLQDQ
HIILFLHQF\LQWKHUDQJHRIZLWKWKLVYDOXHH[SHFWHGWRLQFUHDVH
JLYHQ WKDW WKH WHVW ULJZDVRQO\FDSDEOHRIRI WKHDQWLFLSDWHG
PD[LPXPVSHHG
2VFLOODWLQJZDYHVXUJHFRQYHUWHU
,Q WKHLU UHSRUW IXQGHG E\ QSRZHU MXLFH >@ 2]DQ .H\VDQ HW DO
ORRNHGDWWKH$TXDPDULQH2\VWHURVFLOODWLQJZDYHVXUJHFRQYHUWHU




VROXWLRQ UHVXOWHG LQ DKHDY\ ORZHIILFLHQF\JHQHUDWRU%\XVLQJ D
VLQJOHVWDJH JHDUER[ ZLWK JHDU UDWLR RI HLWKHU ± WKH
JHQHUDWRU HIILFLHQF\ ZDV LQFUHDVHG WR  DQG UHGXFHG WKH WRWDO
PDVVVXEVWDQWLDOO\,QWKHSURSRVHGGHVLJQWZR&*(1JHQHUDWRUV
>@ ZLWK WZR JHDUER[HV ZRXOG EH DWWDFKHG WR HDFK VLGH RI WKH
2\VWHU IODS 7KH JHDUER[HV DUH FRXSOHG WR WKH GHYLFHV IODS VKDIW
ZLWK WKH JHDUER[ RXWSXW VKDIW FRQQHFWHG WR WKH WRUTXH DUP RI D
JHQHUDWRU ,W LV SURSRVHG WR VXEVWLWXWH WKH PHFKDQLFDO JHDUER[HV
VXJJHVWHGLQWKHUHSRUWZLWK&0*V7KXVWKHVDPHRYHUDOOGHVLJQ
FDQ EH PDLQWDLQHG DQG WKRXJK D 0* V\VWHP ZRXOG EH LQLWLDOO\
PRUH H[SHQVLYH WKDQ D WUDGLWLRQDO PHFKDQLFDO JHDU ZLWK LWV
LQFOXVLRQLQWKHV\VWHPVLPLODUHIILFLHQFLHVDQGPDVVUHGXFWLRQVFDQ
EH H[SHFWHG DORQJ ZLWK D UHGXFWLRQ LQ 2	0 FRVWV DQG LQFUHDVHG
UHOLDELOLW\ 7KLV GHVLJQ ZRXOG UHVHPEOH WKDW VKRZQ LQ WKH UHSRUW
ZKLFKFDQEHVHHQ LQ)LJ$VDQH[DPSOHRI WKHVFDOH UHTXLUHG
IRU VXFK D V\VWHP D VXLWDEOH  UDWLR JHDUER[ FDSDEOH RI (?
01P ZDV VXFFHVVIXOO\ PRGHOOHG DQG DQDO\VHG XVLQJ WKH




EHHQ GLVFRQWLQXHG VLPLODU GHYLFHV OLNH WKH /DQJOHH 5REXVWR >@
DQG WKH $:(QHUJ\ /WG :DYH5ROOHU >@ DUH EDVHG RQ VLPLODU
FRQFHSWVWKDWFRXOGDOVREHQHILWIURP0*DGDSWDWLRQ$GGLWLRQDOO\
WKH PRGH RI RSHUDWLRQ LV VLPLODU WR WKDW RI RWKHU RVFLOODWLQJ ERG\
GHYLFHV VXFK DV WKH QHZ PRFHDQ HQHUJ\ GHYLFH >@ FXUUHQWO\ LQ
GHYHORSPHQW
௑'LVFXVVLRQ
7KH FDVHV SUHVHQWHG VKRZ WKH VXLWDELOLW\ RI 0* WHFKQRORJ\ WR
PDULQH ZDYH DQG WLGDO HQHUJ\ GHYLFHV :KLOH WKH SRWHQWLDO
DGYDQWDJHV KDYH EHHQ H[SORUHG WKH WHFKQRORJ\ IDFHV VRPH
REVWDFOHV WR LWV GHSOR\PHQW DFURVV WKH PDULQH HQHUJ\ LQGXVWU\ $
OHDGLQJ LVVXH IDFLQJ 0* GHSOR\PHQW LV WKH KLJK FRVW RI WKH 30
PDWHULDOPHDQLQJWKDWKLJKWRUTXHV\VWHPVDUHFXUUHQWO\H[SHQVLYH
DQGLQDQHZLQGXVWU\OLNHZDYHDQGWLGDOHQHUJ\WKLVIDFWRUFRXOG
UHVXOW LQ GHYLFHV EHLQJ XQFRPSHWLWLYH )XUWKHUPRUH ZLWK &KLQD







































WKH ODVW  \HDUV WKH FRVW LV VXEMHFW WR YDULDWLRQ GHSHQGLQJ RQ
LQWHUQDWLRQDO PDUNHWV >@ :LWK WKH SULPDU\ DGYDQWDJH RI 0*V
EHLQJWKHH[SHFWHGODUJHUHGXFWLRQVLQ2	0IURPOLIHF\FOHFRVWV
LWLVHVVHQWLDOWKDWWKHVHVDYLQJVDUHZRUWKWKHKLJKFDSLWDOFRVWV$V
WKHUH DUH FXUUHQWO\ QR KLJK WRUTXH 0*V LQ ORQJWHUP RSHUDWLRQ
FRQVLGHUDEOH WHVWLQJ LV UHTXLUHG RQ KLJK WRUTXH V\VWHPV WR HQVXUH
WKDWRWKHU2	0LVVXHVGRQRWRFFXUWKDWZRXOGRIIVHWWKHSRWHQWLDO
VDYLQJV )XUWKHU WHVWLQJ LV DOVR UHTXLUHG WR HVWDEOLVK WKH 0*
WHFKQRORJLHV IHDVLELOLW\ LQ D PDULQH HQYLURQPHQW 1HRG\PLXP LV
KLJKO\VXVFHSWLEOHWRFRUURVLRQVRLIWKHV\VWHPLVQRWKHUPHWLFDOO\
VHDOHGVXEVWDQWLDOFRDWLQJVPD\EHUHTXLUHGWRSURWHFWWKHPDJQHWV
7KLV FRXOG UHVXOW LQ ODUJHU DLUJDSV DQG ORZHU WKH WRUTXH
$GGLWLRQDOO\EHLQJDUHODWLYHO\QHZWHFKQRORJ\WKHPDQXIDFWXULQJ
SURFHVVIRU0*VLVH[SHQVLYHIXUWKHULQFUHDVLQJWKHH[SHFWHGFRVW
RI V\VWHPV ,Q RUGHU WR DGGUHVV WKHVH LVVXHV FRUUHFW RSWLPLVDWLRQ
SURFHGXUHVPXVWEHGHYHORSHGVXFKWKDW0*VDUHGHVLJQHGZLWKDQ
RSWLPDO FRVW WR WRUTXH UHODWLRQVKLS DQG PDQXIDFWXULQJ SURFHGXUHV




WKHLU DSSOLFDELOLW\ WR D VHOHFWLRQ RI PDULQH HQHUJ\ GHYLFHV 7KH
FRPSDULVRQPDGHEHWZHHQJHDUHGDQGJHDUOHVVV\VWHPVIRXQGWKDW
DOWKRXJKJHDUOHVV V\VWHPVKDG VRPH2	0FRVWEHQHILWV IURP WKH
HOLPLQDWLRQ RI D PHFKDQLFDO VSHHG HQKDQFHPHQW HOHPHQW WKH
UHVXOWLQJPDFKLQHVDUHODUJHDQGH[SHQVLYH$GGLWLRQDOO\WKHIXOO\
UDWHG FRQYHUWHUV UHTXLUHG IRU '' PDFKLQHV VKRZ FXPXODWLYHO\
VLPLODUGRZQWLPHRYHUH[WHQGHGRSHUDWLRQSHULRGVWRWKDWRIJHDUHG
PDFKLQHV 7KH 0* LV D SRWHQWLDOO\ LGHDO FRPSURPLVH KDYLQJ WKH
EHQHILWV RI ERWK WRSRORJLHV 7R IXUWKHU GHPRQVWUDWH WKH
DSSOLFDELOLW\ WKH WHFKQRORJ\ ZDV FRQFHSWXDOO\ DSSOLHG WR IRXU
H[LVWLQJ PDULQH HQHUJ\ GHYLFHV ZLWK YDULHG 372 V\VWHPV XVLQJ
H[LVWLQJSURSRVHG0*GHVLJQV7KRXJK WKHUHDUHREVWDFOHV IDFLQJ
0*VXVHLQPDULQHDSSOLFDWLRQVSULPDULO\WKHKLJKFRVWRIWKH30
PDWHULDO UHGXFWLRQV FDQ EH H[SHFWHG ZLWK V\VWHPV EHLQJ PDVV
SURGXFHG ZLWK DGYDQFHG GHVLJQ RSWLPLVDWLRQ SURFHGXUHV :LWK
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HVWLPDWLQJVDYLQJVLQ2	0FRVWVDQGDVVHVVLQJWKHLURIIVHWDJDLQVW
WKHKLJKPDWHULDODQGFRQVWUXFWLRQFRVWV)XUWKHUPRUH WKHGHVLJQV
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